Activators of PPAR , Troglitazone (TGZ), Rosiglitazone (RGZ), and Pioglitazone (PGZ) were introduced for treatment of Type 2 diabetes, but TGZ and RGZ have been withdrawn from the market along with other promising leads due cardiovascular side effects and hepatotoxicity. However, the continuously improving understanding of the structure/function of PPAR and its interactions with potential ligands maintain the importance of PPAR as an antidiabetic target. Extensive structure activity relationship (SAR) studies have thus been performed on a variety of structural scaffolds by various research groups. Computer-aided drug discovery (CADD) approaches have also played a vital role in the search and optimization of potential lead compounds. This paper focuses on these approaches adopted for the discovery of PPAR ligands for the treatment of Type 2 diabetes. Key concepts employed during the discovery phase, classification based on agonistic character, applications of various QSAR, pharmacophore mapping, virtual screening, molecular docking, and molecular dynamics studies are highlighted. Molecular level analysis of the dynamic nature of ligand-receptor interaction is presented for the future design of ligands with better potency and safety profiles. Recently identified mechanism of inhibition of phosphorylation of PPAR at SER273 by ligands is reviewed as a new strategy to identify novel drug candidates.
Introduction to Diabetes
Diabetes is a metabolic disorder caused mainly by insulin resistance and obesity. It is now recognized as a major health problem worldwide and affects adults of working age in developing countries. WHO estimates of global prevalence are expected to increase from 171 million in 2000 to 366 million in 2030, and 21.7% (i.e., ∼8 crores) of these will be Indians [1] . The chronic nature of this disease leads to metabolic complications like kidney failure and cardiac problems. Early diagnosis and controlled diet combined with physical exercise of just thirty minutes have been shown to provide control in the progression of the disease.
Increasing technological advancements and decreasing proportion of physical activities in routine life are promoting sedentary lifestyle. Thus pharmacological intervention may remain the only choice in certain group of subjects. In addition lack of proper treatment and delayed diagnosis are the two major reasons for the increased economic burden and prevalence of diabetes in the developing countries.
Diabetes is generally classified into three classes: (1) Type 1-caused by complete lack of insulin production, (2) Type 2-due to insulin resistance and ineffective downstream signaling in the cell, and (3) gestational diabetes-affects 4% of all pregnant women and is rarely fatal. Almost 90% of all cases of diabetes are Type 2 class. All these facts and figures have forced most of the governments and scientists world over to look for effective therapies, resulting in a mammoth of efforts in the discovery and development of novel drug candidates.
These efforts have been based on a variety of drug targets and have led to introduction of a few drugs in the market. These drugs and their targets are briefly mentioned in Section 2. The focus of this paper is to highlight the major SAR and CADD studies performed on PPAR . Readers interested in other targets are suggested to consult some of the excellent recent and older reviews published on these topics [3] [4] [5] . A brief literature search shows that a large amount of work has been done for the identification and testing of novel scaffolds for antidiabetic drug discovery in the PPAR arena. A review on PPAR ligands was published with focus on dual, pan, and SPPARMs based strategy in 2008 [6] . As discussed in the Section 3.2 a large number of crystal structure have been published for PPAR -ligand complexes, but a thorough understanding about the links between receptor-ligand interactions and antidiabetic benefits is far from complete. Thus an expert perspective and overall assessment of these efforts are urgently required to give proper direction to these attempts.
This paper begins with a brief introduction to current therapies for Type 2 diabetes followed by PPAR localization, structure, and its ligands (natural and synthetic). This is followed by a brief classification of the ligands based on their agonistic character. Next, in an attempt to fill the gaps in the understanding of structure and function of PPAR and its ligands, this review is divided into sections on (i) SAR studies performed in the past twelve years. An attempt has been made to present these studies in the chronological order, but some exceptions are allowed to maintain connectivity between selected studies. Majority of these studies involved classical medicinal chemistry approach to build SAR that is to modify the substituents on a structural scaffold using mostly biochemical intuition till the desired activity/affinity is observed. (ii) Rational drug design approaches using computational methods are then discussed. In this section also a chronological order has been followed, with some exceptions, and QSAR (2D, 3D, and higher-dimensional methods), pharmacophore mapping, molecular docking, and structure-based, ligand based, and de novo drug design approaches employed are discussed.
Despite the large number of SAR and CADD studies reported on PPAR agonists, none of the molecules has made it to the clinic after the introduction of TZDs. Incomplete understanding of the dynamical nature of PPAR -ligand interactions and translation of these interactions into physiological response could be one of the major reasons for this failure. Molecular dynamics simulation studies coupled with other experimental techniques that have been utilized by some groups to bridge these gaps are discussed briefly. Role of recently identified implications of phosphorylation of PPAR residues and resulting nonagonistic/partial agonistic character of novel ligands is highlighted in the last section.
Current Treatment Options for Type 2 Diabetes
The cause of insulin resistance has been traced to defects in insulin receptor (IR) function, IR-signal transduction, glucose transport and phosphorylation, glycogen synthesis, glucose oxidation, and dysregulation of fatty acid metabolism [7] . Consequently these defects are targets of current pharmacological treatments as well as potential sites for new therapies. Figure 1 shows the structures of currently marketed and a few withdrawn drugs which form the existing armor against Type 2 diabetes (see also Table 1 ). The biguanides, like metformin, reduce the hepatic glucose production and also enhance muscle insulin sensitivity. Acarbose decreases gastrointestinal absorption of carbohydrates by inhibitingglucosidase. The sulfonylureas bind to specific receptors on the cells of pancreas resulting in inhibition of K + channels leading to depolarization of cell membrane followed by exocytosis of insulin. The dipeptidyl peptidase IV inhibitors exert their antidiabetic effects by inhibiting the metabolism of glucagon-like peptide-1 (GLP-1). GLP-1 mediates its effects through transmembrane GPC receptors leading to increased insulin secretion in response to feeding. It has also been shown to enhance the differentiation, survival, and maturation of the cells [8] . This has encouraged the development of GLP-1 analogs, also known as incretin mimetics, like exenatide, a 39-amino acid peptide with glucoregulatory properties.
Most of the above-mentioned drug molecules act as direct or indirect insulin secretagogues of moderate to low potencies. The major cause of Type 2 diabetes, a generalized insulin resistance in the body, is actually not addressed by these lines of therapy. Thiazolidinediones (TZD) were identified in 1995 to exert their antidiabetic actions by binding to PPAR with high affinity [9] . This is the only class of molecules that decrease generalized insulin resistance in tissues like muscle Journal of Computational Medicine and adipose. Rosiglitazone (RGZ, Avandia) and Pioglitazone (PGZ, Actos) are the two most widely used drugs in the treatment of diabetes. Troglitazone (TGZ, Rezulin) was also in the market since 1997, until hepatotoxicity forced its withdrawal in 2000 [10, 11] . TZDs are potent agonists of the peroxisome proliferator-activated receptor (PPAR ), a ligand-activated transcription factor thought to be a master regulator of adipocyte differentiation and multiple adipocyte genes. Acyl-CoA synthase/oxidase, Apolipoprotein A/C, CPTI (carnitine palmitoyl transferase I), CYP4A1/P450 IV family, lipoprotein lipase, mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase, phosphoenolpyruvate carboxykinase (PEPCK), uncoupling protein 1, and so forth are a few target proteins of PPAR activation indicating its important role in carbohydrate and lipid metabolism. In addition to this, there is a complex feedback mechanism between the adipose tissue and insulin sensitivity. Adiponectin, a peptide hormone secreted by the adipocytes during differentiation, has been shown to decrease insulin resistance [12] . Although TZDs have been observed to increase the expression of adiponectin, it is not clear whether this is a direct result of PPAR activation or is caused by secondary effects.
Peroxisome Proliferator-Activated
Receptor (PPAR ) 3.1 . PPAR Location and Organization. Peroxisome proliferator-activated receptors (PPARs) belong to a super family of nuclear receptors. Phylogenetic studies suggest that the ancestral genes associated with PPAR might have appeared more than 500 million years ago during the eukaryotic evolution [13] . They are present in the cytoplasm as monomers, but upon activation by the ligand they heterodimerize with retinoid X receptor (RXR ) and enter the nucleus to regulate transcription of a wide variety of receptors and enzymes. Three isotypes (PPAR , , and / ) have been identified, and the human-PPAR (hPPAR ) has been located on chromosome 3 at position 3p25 close to retinoid X receptor (RXR ) and Thyroid hormone receptor (TR ) [14] , while PPAR and PPAR / have been assigned to chromosomes 22 and 6, respectively. For hPPAR three isoforms have been identified (PPAR 1, PPAR 2, and PPAR 3) based on the differential use of three promoters and alternative splicing of the three 5 -exons A1, A2, and B1 [15] . Amino acid sequences and various regions in the receptor are depicted in Figure 2 .
In PPARs two main functional domains have been identified, namely, (i) DNA-binding domain (DBD) and (ii) ligand-binding domain (LBD). The DNA-binding domain is the hallmark of nuclear receptor superfamily and is formed by highly conserved two zinc finger-like motifs folded in a tertiary structure that can recognize DNA target sequences of six nucleotides. It is specific for direct repeat of two core recognition motifs, AGGTCA, spaced by one nucleotide hence called DR1. These nucleotide sequences are also known as PPAR response elements (PPREs). For CYP4A6 an extended consensus sequence for PPRE has been identified (5 -AACTAGGNCAAAGGTCA-3 ). These distinguishing features of PPRE contribute to PPAR-RXR heterodimer specificity and differential regulation of transcription. Structure. PPAR consists of 13 helices and  four -sheets. The overall structure is very similar to other  nuclear receptors from helix H-3 to C terminus and has one  extra small helix H-2 . Helices H-3, H-7, H-10, and H-12 along with the -sheets arranged in antiparallel orientation constitute a large-ligand binding pocket of this nuclear receptor ( Figure 3 ) [16] . In the crystal structure with PDB code: 2PRG, the RGZ molecule is found to straddle helix H-3 and interacts with four residues SER289, HIS323, HIS449, and TYR473 strongly. This set of interactions is generally considered as the molecular recognition interaction, and any ligand showing this set of interactions is considered as an effective agonist (though many exceptions are found). RGZ takes a U shape in this Y-shaped active site ( Figure 3 ). Table 2 shows active site shapes and volumes of some representative cocrystal structures of important ligands with PPAR . A search in the PDB database retrieved a large number of crystal structures (112) for PPAR , (13) for PPAR , and (22) for PPAR / (search performed on 23/11/2012). PDB codes, resolution of the crystal structures, and citation are shown in Table 3 . In most of the crystal structures, agonists are bound with the LBD of PPAR . A closer inspection and analysis of the crystal structures reveal that the active site shape and important interactions in the active site are similar for most of the agonists. The active site consists of Y-shaped binding pocket, in which the acidic head groups of the ligands interact with the H-12 helix by forming hydrogen-bonding interactions with HIS323, HIS449, and TYR473 amino acid residues. Figure 4 shows the general pharmacophoric features present in PPAR agonists as exemplified for RGZ. In Figure 5 (a) RGZ is seen to bind in a U shape in the Y-shaped active site by forming strong hydrogen-bonding interactions with mainly polar residues (PDB code: 2PRG). The other two arms of the active site are relatively nonpolar consisting of mainly hydrophobic residues. Induced fit conformational changes in the active site shape have also been seen to accommodate larger ligands like Farglitazar leading to the formation of additional subpocket in the active site giving it an almost shape (PDB code: 1FM9, see Figure 5 (e)). Partial agonists can bind near the H-12 helix (e.g., clofibric acid analogue, Figure 5 (f)) or near the -sheet region (e.g., BVT.13, Figure 5 (g)). Endogenous ligand 15d-PGJ2 takes an almost Y shape in the active site of PPAR (PDB code: 2ZVT, 2ZK1, and 2ZK2), thus highlighting the importance of the interactions in all the three arms of the receptor for physiological response.
PPAR 3D
Three 3D structures of DNA-RXR -PPAR tertiary complex were reported by Chandra et al. in 2008 [19] . The DBD and LBD of PPAR have overall topology similar to those reported in other monomer and dimer crystal structures of PPAR . Structures of terminal helices known to bind to the DNA were clearly seen in these heterodimer structures. Analysis of LBD of PPAR in this heterodimer shows that it interacts with the PPRE more closely than RXR . PPAR resides upstream of RXR giving a polar arrangement of these nuclear receptors on the PPRE. Helices H-7, H-9, and H-10 of each receptor form DNA-dependent contacts and The TZD ring forms hydrogenbonding interactions with HIS323, HIS449, and TYR473 in the active site. Figure is generated using LigSite [17] and PyMol [18] . Table 2 : Active site shape and volume for PPAR agonists (see Figure 5 ).
PDB Ligand Active site shape
Active site volume
Clofibric acid analogue (F)
BVT.13 (H) L 1568Å 3 lead to DBD (PPAR )-DBD (RXR ) interaction of approximately 2,160Å 2 solvent accessible surface area ( Figure 6 ). The structure shows that PPAR LBD interacts with DBD and LBD of the RXR and DNA. Three well understood ligands Rosiglitazone (RGZ), GW9662, and BVT.13 gave rise to a "Yshaped" pocket. This suggests that Y-shaped ligands may fit better in the active site with higher affinity.
PPAR Ligands
3.3.1. Natural (Endogenous) Ligands. Polyunsaturated fatty acids like linolenic acid, eicosapentaenoic acid, 9-hydroxy-10,12-octadecadienoic acid (9-HODE), 13-hydroxy-9,11octadecadienoic acid (13-HODE), and 15-deoxy-Δ 12,14prostaglandin J2 (15d-PGJ2) are important endogenous ligands of PPAR ( Figure 7 ). They bind with lower ( D ∼ 2-50 M) affinity to PPAR . Through interaction with these fatty acids, PPAR is thought to monitor the lipid concentrations and maintain homeostasis in the cytoplasm. The oxidized forms of prostaglandins induce adipocyte differentiation at low micromolar levels.
Synthetic Ligands.
Since the discovery of Ciglitazone (CGZ), as effective insulin-sensitizing agent by Shoda et al., [20] many synthetic ligands of PPAR have been identified. They have shown a wide variety of activation profiles based on receptor-binding affinity and transactivation assays. Thus, based on the dose-response curves they cac acid analogues, BVT.13 and MRL24, and so forth, (iii) dual PPAR / agonists, (iv) selective PPAR modulators (SPPARMs), and the least studied (v) antagonists. A recent review has reported classification based on the agonistic activity as well as chemical group [21] . The classification based on agonistic activity is more useful for understanding the activity profiles and resulting antidiabetic effects and hence is given in the following.
Full Agonists. Full agonists like RGZ, PGZ, TGZ, and MRL20 lead to complete activation of PPAR as shown by doseresponse curves generated using transactivation assays.
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PPAR
To be published While compounds like endogenous fatty acids and their nitrated derivatives, BVT.13, Farglitazar, MRL24, and nTZDpa do not lead to complete activation of the receptor and thus can be classified as partial agonists. Any ligand showing more than 60% of the transactivational activity shown by RGZ is classified as a full agonist. Ligands with transactivational activity near 60% are moderate agonists, but sometimes are referred as full agonists (e.g., MRL20). Partial agonists generally have less than 50% transactivational activity compared to RGZ [24, 49, 94] . Although this is a reasonably correct definition, any two ligands should be compared only when similar or identical transactivational assays have been utilized in obtaining the dose-response curves. This is due to the dependence of the observed transactivational activity on the many factors like cell type (adipose, muscle, kidney, or liver used), presence/absence of coactivators/corepressors, PPRE used, and so forth [95] . Figure 8 shows 2D structures of some full agonists. Crystallographic [16, 19] and mutation studies [46] have established the role of H-12 helix and TYR473 in the activity of full agonists. The tyrosine amino acid residue (TYR473) present in the H-12 helix of AF-2 function forms strong hydrogen-bonding interactions with acidic head groups of full agonists as seen in Figure 3 . This pocket of the active site consists of mostly polar residues (SER289, HIS323, HIS449, and TYR473), thus 
16
Journal of Computational Medicine interactions of full agonists with the receptor are mostly electrostatic in nature [96, 97] .
Such interactions lead to significant stabilization in the fluctuations of the H-12 helix, thus stabilizing the active conformation of the receptor promoting its interaction with the coactivators and RXR leading to gene transcription. Thus, the full agonists have polar acidic head groups and a hydrophobic tail separated by an aromatic or aliphatic linker. These three fragments constitute the pharamcophore essential for PPAR agonistic activity (Figure 4 ). Endogenous ligands also have structures satisfying these pharmacophoric criteria.
Partial Agonists. Bruning et al. suggested that partial agonists (see Figure 9 ), in contrast to the full agonists, interact with the receptor with mostly hydrophobic interactions leading to PPAR activation that is H-12 helix independent [49] . This is evident from their radio-ligand and transactivationalbinding assays. Farglitazar is known to interact with mostly hydrophobic interaction in the active site and has larger binding affinity due to the presence of extra substituent (benzophenone) that interacts in the additional subpocket near the H-12 helix.
Balaglitazone (BGZ, 12), a partial agonist, discovered by Henriksen et al. showed lesser hemodynamic effects of fluid retention and weight gain compared to PGZ in a Phase III clinical trial [98] . PAT5A (13), a molecule with exocyclic double bond in the TZD ring, is a partial agonist. Treatment of PAT5A in rodents with Type 2 diabetes resulted in dosedependent reduction in plasma glucose levels similar to RGZ along with reduced weight gain [99] . The partial agonistic character of BGZ and PAT5A points to the fact that agonistic character is not dependent on the groups present in ligands but is a function of the dynamical behavior of the H-12 helix when the ligand is bound. Thus, understanding the dynamical behavior of the AF-2 function in PPAR is vital for future drug discovery efforts to find ligands with better pharmacological and safety profiles. Other partial agonists so far discovered generally either bind near the -sheet region or have very weak interactions with the H-12 helix [21, 49] . These differences in the interaction features lead to recruitment of different coactivators and thus different gene expression patterns in comparison to the full agonists. For example, TZD class of compounds showed an increase in the expression of chemokine monocyte Chemoattractant protein-1 (MCP-1), whereas 15d-PGJ2 had little effect in a model of experimental glomerulonephritis (GN) in rats. TZD class of compounds also showed augmented activator protein-1 (AP-1) binding but had little effect on NF-B, while the 15d-PGJ2 showed decrease in NF-B without affecting AP-1 levels [95] .
Dual PPAR / Agonists. PPAR and PPAR show complementary effects of insulin sensitization in the adipocytes/ muscles and correction of atherogenic dyslipidemia. Thus a dual agonist, combining the beneficial effects of both full and partial agonists while avoiding the side effects of weight gain, has been sought by various research groups (see Figure 10 ) [6, 21, [100] [101] [102] [103] . Aleglitazar, novel -alkoxy--arylpropionic acid derivative derived from SAR studies [69] , has shown balanced effects on the glucose and lipid metabolism in primate models of metabolic syndrome [104] . Acidic head group of Aleglitazar forms important hydrogen-bonding interactions with H-12 helix in both PPAR (HIS323, HIS449, and TYR473) and PPAR (SER280, TYR314, and HIS440). It is currently in Phase III clinical trials (January 2012, NCT01042769: a study with Aleglitazar in patients with a recent acute coronary syndrome and type 2 diabetes mellitus). Aryloxy--methylhydrocinnamic acid derivative, LYS10929, with a thiophene tail showed insulin-sensitizing effects, decreased hyperglycemia, and improved overall lipid profiles [103] . Tesaglitazar, an -alkoxy-propionic acid derivative, showed promise as a dual agonist [105] but was later withdrawn from a phase III clinical study due to increased serum ceratinine and decrease in glomerular filtration rates [106] . Although dual agonists demonstrated beneficial impact over selective PPAR agonists by improving both lipid and glucose homeostases, safety has been a critical issue and has led to the discontinuation of their development because of adverse toxicity profiles [101] . Molecules like Tesaglitazar and Ragaglitazar have been suspended in Phase III, and Muraglitazar has failed to get a continued FDA approval.
Selective PPAR Modulators (SPPARMs). Selective PPAR modulators (SPPARMs) are defined as ligands, which induce agonistic or antagonistic responses depending on the cellular context and lead to expression of specific target genes [107] . A SPPARM is different from partial agonist because the doseresponse relationships for various activities are uncoupled from each other. This can be understood as resulting from tissue/organ specific responses which are not directly related to each other [21, 107] . Efforts in this direction resulted in the identification of Fmoc-L-leucine as SPPARM with most characteristics like a partial agonist [108] . Figure 11 shows 2D structures of selected SPPARMs. Metaglidasen, an enantiomer of halofenate, was found efficient at reducing glucose levels and having beneficial effects on lipid profiles. This drug candidate, a prodrug, is hydrolyzed by nonselective esterases in the plasma and converted to active metabolite. Due to uricosuric properties, this molecule was repositioned in the treatment of gout by Metabolex Inc [109] . FK-614 was found to be a structurally novel SPPARM with insulin sensitizing activities. But due to adipocyte hypertrophy its further development was halted [110] . Telmisartan, used in the treatment of hypertension, was rediscovered as a SPPARM which binds to PPAR in a conformation different from TZDs [111] . Insulin-sensitizing effects of Telmisartan fueled its development as a combination therapy in patients with diabetes and cardiovascular complications [112] . It is currently used in the trade name MICARDIS (80 mg) for treating hypertension.
Antagonists of PPAR . Both covalent and noncovalent antagonists of PPAR have been identified (see Figure 12 ). Antagonists of PPAR have similar insulin-sensitizing activities, but further studies are required to confirm their clinical applications. Compound GW9962 forms a covalent bond with the cysteine located on helix H-3. It has shown potent antagonistic activity against PPAR in cell-based assays Figure 12 : PPAR antagonists. [113] . Polycarbonate-based diglycidyl ether (BADGE) is an antagonist with micromolar potency [114] .
Structure Activity Relationship (SAR) Studies for PPAR Ligands
With the discovery of TZDs as the potent synthetic agonists, fatty acids and their derivatives as natural ligands of PPAR , structure activity relationship (SAR) studies were performed by many groups to understand the nature of interactions between the PPAR and its ligands. These important SAR studies are discussed briefly in this section. SAR between PPAR binding affinity and antihyperglycemic effects was reported first time by Willson et al. in 1996 [115] . In vitro PPAR agonistic activity correlated accurately with the in vivo ability of the molecules to cause antihyperglycemic effect. Difference in the in vivo activity profiles of compounds belonging to same chemical class having similar pharmacokinetic profiles would have most likely arisen from their differences in pharmacodynamics and thus form the intrinsic potency of the molecules. Thus results from this and similar in vitro analysis could logically be used to screen large libraries of molecules with confidence. This in vitro SAR study also established the correlation between the antidiabetic effect of TZD class of compounds and PPAR binding affinity.
Reddy et al. reported benzyloxy derivatives of TGZ
to have better euglycemic and hypolipidemic activity (see Figure 13 ) [116] . Introduction of ethanolamine linker and benzyl protection at the hydroxyl group of TGZ resulted in compounds with better in vivo glucose lowering effect in db/db mice and Wistar rats. In vivo analysis showed that the unsaturated analogues of TGZ are more effective in lowering the glucose levels. Transactivation assays on the other hand showed that the saturated TGZ derivatives lead to greater activation of PPAR . Such contrasting findings in the in vitro and in vivo data were attributed to the differences in pharmacokinetic profiles and use of different salt forms of the individual drug candidates. TGZ showed toxic effects in some patients, but mechanisms of toxicity were not completely understood at that time [117] . But involvement of the hydroxyl group from the metabolic profile was becoming clear and these lead Reddy et al. to design of compounds with hydroxyl group protected by benzyl groups (29) [118] . In a subsequent paper Reddy et al. reported the modification of a PPAR selective agent leading to the synthesis of PPAR / dual agonist DRF2725 (31) [119] . The (-)-isomer of this compound was found to be potent in transactivation assays and showed better antidiabetic and hypolipidemic activity profile in vivo.
Brooks et al. reported the synthesis and dual agonistic activity of an oxazole containing phenoxypropionic acid derivative [120] . Substitution of methyl groups at position was found to be necessary for activity. The biphenyl substitution also increased dual activation profile and gave very potent compound (32) as a dual PPAR / agonist. Racemization in the TZD class of compounds has been well established by both experimental [121] and theoretical studies [122] . Bharatam and Khanna performed theoretical studies and proposed the importance of S-oxidation in the rapid racemization of TZD class of drugs [122] . Thus, due to this racemization administration of a pure enantiomer was not considered for this class of drugs. Haigh et al. studied the effect of stereochemistry on the potency of -methoxy--phenylpropanoic acids and found enzymatic racemization of R enantiomer to the S enantiomer responsible for the observed in vivo and in vitro equipotency of the two enantiomers [123] .
Oguchi et al. performed molecular design, synthesis, and hypoglycemic activity studies on the imidazopyridine derivatives of TZDs [124] . In this study they developed molecules by cyclizing the N-methylaminopyridine side chain of RGZ resulting in imidazopyridine nucleus (see Figure 14 ). Initial design, synthesis, and biological testing in this series gave compound, 33. This compound showed potent in vivo hypoglycemic activity but with side effects of cardiac hypertrophy. Linkers larger than methylene showed lower activity. Substitution at the 5th-position of the imidazopyridine nucleus showed an increase in the activity with chloro, methoxy, ethoxy, benzyloxy and phenylthio groups. Especially, the methoxy substituted compound (Rivoglitazone, 34) was found to be more potent than RGZ and showed reduced side effects compared to (33) . Phase 3 clinical trials on Rivoglitazone were discontinued, but its applications in xerophthalmia are being considered in a Phase 2 study [21] .
Yanagisawa et al., on similar lines, developed oxime containing TZD analogues ( Figure 14 ) [125] . The biphenyl derivative (35) was more potent than RGZ both in vitro and in vivo assays. The authors highlighted that introduction of aromatic groups, methyl group on the oxime nitrogen, and ethylene linker are key components leading to increased activity in this series of compounds.
Novel pyrimidinone containing TZD derivatives were reported by Madhavan et al. [126] . These were derived from the modification of DRF2189 (36) side chain which had emerged in an earlier study by the modification of RGZ side chain [127] . PMT13 (38) derived from this study has shown potent antihyperglycemic activity devoid of any adverse effects in a 28-day in vivo study on Wistar rats (see Figure 15 ). The 2,4-dimethyl substituted derivative showed lower potency than PMT13. Benzyl substitution in place of the ethyl group also reduced the antihyperglycemic activity.
Analogues with 1,2,4-oxadiazolidine-3,5-dione framework in place of TZD ring were found to be less effective in producing antihyperglycemic activity.
Compound (37) with (2-furyl)-5-methyl substitution and 2,4-oxazolidinedione head group showed better antidiabetic effects in genetically obese and diabetic animal models (KKA y mice and Wistar fatty rats) [128] . Compounds with 3-arylpropyl and ethoxy spacer with para substitution were found to be more potent than PGZ. From this study the requirement of the spatial configuration of the three rings (oxazole, central benzene, and oxazolidinedione rings) connected with two alkyl spacers emerged (see Figure 15 ). Only R enantiomer of the oxazolidinedione derivatives was found to be potent activator of PPAR . No racemization was observed under in vivo conditions in contrast to the TZD class of compounds; this is attributed to the oxygen atom in place of sulfur at the chiral center resulting in less stable corresponding carbanion. Asymmetric O-acetylation of the corresponding -hydroxyvalerate with immobilized lipase was an important step in the synthesis of these compounds.
Novel 5-aryl TZD dual PPAR / agonists were discovered by Desai et al. in 2003 [129] . They identified that a change in the position of the substitution at the central phenyl ring converts a PPAR selective agonist (39) into a dual PPAR / agonist (40) .
An ethylene linker along with the para substitution was found to be necessary for potent PPAR activity. Substitution of lipophilic groups on the terminal phenyl group reduced the activity, while chloro and fluoro substituents gave moderately potent dual agonists. The dual agonist, shown in Figure 16 , also showed better pharmacokinetic (PK) parameters. Kim and Lee et al. reported novel pyridine and purine containing TZDs for their hypoglycemic and hypolipidemic activity in KKA y mice in vivo [130, 131] . Substitution at the 5th position of the pyridine ring resulted in compounds more potent than RGZ. Purine substituted analogues were found to be less potent than RGZ (see Figure 17 ).
Due to the proposed benefits, mentioned previously, with dual agonists many groups are actively developing 20 SAR studies for the design of dual agonists. Liu et al. combined the isobutyric acid head group of fenofibric acid (46), a PPAR agonist, with the lipophilic aryloxy moiety of 47 (see Figure 18 ) [132] . This dual ligand (48) was found to be more selective for PPAR and inactive at other nuclear receptors. In vivo the dual agonist showed significant lowering of glucose levels and had dose-dependent hypolipidemic effect. Analogues with different substitution pattern at the position were thus prepared. Transactivation and binding studies revealed that bis-substitution at the aromatic ring was essential for dual activation. Extending the linker between the carboxylic acid, and the phenyl ring reduced the activity drastically. Methoxy analogue and replacement of the isoxazole ring did not significantly affect the dual activation profile.
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Knowledge of the clofibric acid, aryloxyacetic acid and naphthalene containing TZDs activities leads to the design of two series of -aryloxypropanoic acid derivatives and an -aryl--oxysubstituted propanoic acid [133] . Both R and S enantiomers of the compounds were studied by transactivation assay, and only S-isomers were found to be effective in activation both PPAR and PPAR . Substitution of the pchloro substituent with more lipophilic aromatic moiety (51) improved both potency and efficacy leading to compounds with full agonistic character towards PPAR and considerable activity against the PPAR (see Figure 19 ). This compound was found be less effective in inducing adipocyte differentiation in vitro assays. Aliphatic groups lead to an increase in activity, while introduction of polar groups on the aliphatic chain reduced the activity considerably. Molecular docking analysis on the previously mentioned two compounds showed that they bind in mostly U-shaped conformation and form hydrogen bonds with key amino acids in the AF-2 function.
SAR studies on the indoleacetic acid derivatives lead to the design of dual agonists with reversed substitution pattern (see Figure 20 ) [41] . Initially, a PAN agonist (52) was converted into a PPAR selective agonist (53) by inverting the substitution pattern on the indoleacetic acid derivative. Adding dimethyl substitution and moving the acidic head group to the 4th or 5th position on the indole ring resulted in a PPAR / dual agonists (54 and 55). The dimethyl substitution was found to be important for PPAR activation, as it brought the acidic head group closer to the H-12 helix leading to the formation of strong hydrogen-bonding interactions with SER289, HIS323, HIS449, and TYR473 as confirmed by crystal structure analysis.
Kim et al. reported SAR studies on novel benzyl thiocarbamates as dual PPAR / agonists [134] . An initial study confirmed that thiocarbamates (56) are more potent than carbamates (57) ( Figure 21 ). Aromatic terminal rings, like benzyl, gave potent compounds. Any increase or decrease in the chain length of this linker leads to decrease in activity. But bulkier substituents lead to an increase in PPAR agonistic activity. S-isomer was found to be more active than the Risomer towards PPAR , while both were found equally active at PPAR . This is due to slightly larger active site volume in PPAR in comparison to PPAR , thus both R-and S-isomers find space inside the active site of PPAR . But in the case of PPAR the lipophilic region in the molecule is forced to enter in hydrophilic cavity giving a lower score as confirmed by docking analysis. The presence of thiocarbamate moiety was found to be essential for dual activity as confirmed by the PPAR selectivity of the corresponding alcohol (58) .
Casimiro-Garcia et al. reported the effect of substitution at the -position of phenylpropanoic acids on the dual PPAR / activation (see Figure 22 ) [51] . Replacement of ether moiety with acetylene, ethylene, propyl, or heteroatombased linker lead to significant changes in the affinity and transactivation profiles. In the series with methyl group in the oxazole ring and pyrrole ring as the -substituent, acetylene linker gave nonselective ligand, while substitution with ethylene and propyl groups gave PPAR selective compounds. These compounds showed less activation of PPAR as compared to the pyrrole-containing compound reported earlier by GlaxoSmithKline [135] . S-isomers were found more active than the R-isomers as reported earlier for other tyrosine based compounds (59 and 60) [135, 136] . Substituents like 3-pyridinyl, 4-biphenyl, 3-biphenyl, or phenyl in place of pyrrole drastically reduced the activity at both receptors. Molecule (61) showed lower PPAR activation and was specifically selective for PPAR . This was understood to arise due to steric interaction with TYR314 in the PPAR active site. Replacement of the ether oxygen by a nitrogen reduced PPAR activation.
Takamura et al. have performed synthesis and biological testing on -substituted -phenylpropionic acid derivatives with pridin-2-ylphenyl moiety for PPAR activation and antihyperglycemic activity [137] . Oxime or amide linkers were kept in the molecules based on their earlier reported compound (37) [125] . Propyl group at position showed potent glucose lowering activity compared to other groups like isopropyl, butyl, and phenylisopropyl (62 and 63 in Figure 23 ). Methylthio substitution at position showed good dual agonistic activity. PPAR agonistic activity could not be correlated in every molecule to its glucose lowering activity. As reported by many groups earlier, S-isomer was found to be more active in all compounds studied. The authors pointed out the fact that these compounds may be selective PPAR modulators or might activate fatty acid receptors on the pancreatic cells (GPR40/FFAR) [138] . Recently, due to the failure of PPAR agonists to reach market, the pharmaceutical industry, and academicians started looking at other targets. GPR40, a GPCR found on islet cell membranes, is one such target known to mediate the insulin secretary effect of fatty acids [139] [140] [141] [142] . Chromane 2-carboxylic acid derivatives were developed by Koyama et al. for discovery of novel dual PPAR / agonists [143] . Cyclization of fibrates was envisioned as the synthetic route leading to the compounds with chromane nucleus. Substitution at the 6th position of the chromane ring resulted in inactive compounds, while the compounds with substitution at the 7th position were found to be active dual agonists. Compounds with propyl liker were found more potent than with ethyl and methyl linkers. Propyl, hydrogen, and halogen substituents resulted in potent PPAR activators with moderate PPAR activation. In vitro: binding and transactivation for affinity, in vivo: db/db mouse studies for antihyperglycemic, Hamster and Dog models for pharmacokinetic studies were utilized to select compound (64) for further studies (see Figure 24 ).
Parmenon et al. reported synthesis and biological evaluation of tetrahydroxyquinone derivatives for dual PPAR / agonistic activity [144, 145] . Di-ester-and ether-ester-based tetrahydroquinone derivatives were identified from these studies. No direct correlation between the EC 50 (from transactivation assays) and IC 50 values from receptor-binding studies was observed. This could be due to different binding site or interactions for the compounds under consideration and the standard (RGZ). The observed in vitro activity, unfortunately, did not translate into in vivo activity for this class of compounds.
Ohashi et al. have recently analyzed the effect of stereochemistry at the position of the phenylpropanoic acid derivatives [146] . A reversal of enantiomeric activity was observed when a branched carbon atom is present at the position with respect to the carbonyl group. R enantiomer was found to be more active in both phenethyl and cyclohexyl substituents, while S enantiomer was more active in the ethyl substituted compound (Figure 25 ). Thus authors concluded that branched or unbranched nature of the substituents determine the enantiomer selectivity. Glide docking studies were performed to support the conclusions. But further crystallographic and molecular modeling studies are required to validate these findings.
In an effort to identify CNS penetrating PPAR ago- GSK19971328B, a novel partial agonist. In the crystal structure benzylamide group in this molecule was found to bind in AF-2 region where TZD ring of RGZ is known to have stabilizing interactions. A series of SAR studies were performed to understand the importance of substituents on each fragment in the molecule. Thus, ethyl substituent on the benzylamide group, presence of unsubstituted C2 position in benzimidazole central ring, and fluoro substitution gave compound with most desirable pharmacological and pharmacokinetic profile.
Majority of the SAR studies discussed previously have focused on one scaffold or another while attempting to increase the potency and efficacy towards the desired receptor subtype. The activity profiles observed in the SAR studies based on in vitro binding studies are not always reflected as similar profiles in the in vivo studies due to the involvement of many factors during the absorption, distribution, and metabolism (ADME) that is the pharmacokinetics/pharmacodynamics (PK/PD) of the drug candidates. These PK/PD factors and the corresponding tissue specific (muscle and adipose) responses lead to large variability in the patient's response to the drug. The in vitro and in vivo studies provide vital information about the overall profile of the drug candidates, but they cannot provide atomic and molecular level understanding of the interactions between the drug and the macromolecular protein targets which are at the heart of the final biologically observed response. Such electronic, atomic, and molecular level information on the interaction between the drug candidate and the target macromolecule can be obtained from structure-based and computer-aided drug discovery methodologies. A review of these efforts for the discovery of PPAR ligands is presented in the next section.
Computational Approaches for the Discovery of PPAR Ligands
Drug discovery and development is a very time and resource demanding process in which a continuous exchange of information and knowledge takes place at the design and developmental stages. This generally involves a period of 10 to 15 years and 1.0 to 1.5 $billion (these figures tend to vary depending on the therapeutic area, but a general increase is seen with time). Thus, computational predictive tools available in the physical, chemical, and biological scientific community are extensively utilized for making quick as well as well-thought strategic decisions. In the late phases of drug discovery, for example, clinical trials, statistical tools are more often utilized to understand the hidden trends in the data. On the other end of the spectrum, where target identification, validation, molecular design, and interactions of drug candidates with targets are to be understood, computer-aided drug design (CADD) approaches are often employed [147] . CADD methods generally employ a combination of the following methodologies: (1) two-dimensional quantitative structure activity relationship (2D QSAR), (2) 3D and higherdimensional QSAR methods, (3) pharmacophore mapping and virtual screening, (4) molecular docking in protein crystal structures (or homology models), (5) receptor-based QSAR methods, (6) receptor-based pharmacophore mapping and virtual screening, (7) de novo drug design, (8) molecular dynamics simulations, and (9) quantum chemical methods.
Reports making used of one or more such methodologies are described in the following.
QSAR methods based on 2D information are employed when the data set contains large variation in the chemical structures of the ligands under consideration as in the case for PPAR [148] [149] [150] . Rücker et al. reported a 2D QSAR analysis of PPAR ligands employing a set of molecular descriptors supplied in the program MOE. The descriptors like, atom and bond counts, connectivity indices, partial charge descriptors, pharmacophoric feature descriptors, calculated physical property descriptors and MACCS keys were used in the analysis. Data selection was based on the type of assay to derive meaningful correlation models. The receptor binding studies (p ) from the scintillation proximity assay and transactivation data from transient cotransfection assay were employed in the generation of models. Compounds were randomly partitioned into a training set (90%) and test set (10%). Four 2D QSAR equations were generated and thoroughly validated: (i) multiple linear regression (MLR), (ii) genetic algorithm variable selection module of MOE for receptor binding, (iii) MLR equation for gene transactivation, and (iv) activity-activity (receptor binding versus transactivation data) relationship. The authors concluded that variation in the central part of the ligand seemed to have minor importance in comparison to the other pharmacophoric features (acidic head group and hydrophobic tail). Utilizing only 2D structural features of the ligands although can allow molecules of diverse nature to be included in the analysis, it potentially leads to oversimplifications about the structure activity relationships. Thus, more robust 3D structural information about molecules can be considered while developing 26 Journal of Computational Medicine structure activity relationships. Efforts in this direction are presented in the following paragraphs.
QSAR methods like comparative molecular moment analysis (CoMMA) [151] , comparative molecular field analysis (CoMFA) [152] , molecular similarity indices in a comparative analysis (CoMSIA) [153] , and adaptation of fields for molecular comparison (AFMoC) [154] make use of the 3D structural information of ligands to build correlations with biological activity. Khanna et al. have utilized a novel concept, of additivity of molecular fields using the CoMFA approach, to develop dual models for PPAR and PPAR dual activation [100] . In this study the authors reported individual models for PPAR and PPAR activities and a dual model by summing the in vitro activity data, thus generating the dual model. This dual model was shown to be superior to individual PPAR and PPAR models in predicting the dual activation. General structure for the data set is shown in Figure 26 . Individual models retained their ability to make reasonable individual activity predictions. These models were able to predict dual and selective activation for both receptors. Utility of these models in the drug design was shown by confirming the predictions of the model using molecular docking analysis and analyzing important H-bonding interactions in the active site. The authors highlighted the importance of using dual model in combination with the individual models to avoid misleading conclusions. This is because the sum of activities for two molecules can be identical in spite of having very different individual activities.
A modified, receptor-based, QSAR study on the same set of molecules was reported by Lather et al. later [155] . Volume in the active site occupied by the ligands ( site ) was shown as an important parameter in developing the QSAR equations. Utilizing the same dataset as used by Khanna et al. [100] they developed selective and dual models with the addition of site . Molecular descriptors like constitutional, topological (Zagreb and Balaban-type index), geometrical, electrostatic, and quantum chemical (CODESSA) were employed in this study. Balaban-type index performed better in comparison to the Zagreb index. The three models pointed out the differences in structural characteristics of PPAR and PPAR ligands. For PPAR activity size and hydrophobicity of the ligands play a major role, while electrostatic and H-bonding interactions were found to contribute more to the PPAR activation. The authors claimed that limitations arising from the CoMFA requirements, namely, prior alignment of 3D structures could be avoided by using their method of QSAR. The PPAR model of Lather et al. showed that with an increase in the number of double bonds there is a decrease in the activity. This corroborates with lower activity of the endogenous PPAR ligands which have polyunsaturated framework (Figure 26 ).
In the quest to find novel insulin sensitizing molecules that can avoid toxicities associated with TZD class of drugs many research groups have looked towards other chemical class with similar pharmacophoric features. A few 3D QSAR studies have been reported on such compounds. Rathi et al. have employed Apex-3D software to determine primary and secondary binding characteristics in L-tyrosine analogues necessary for PPAR activation (Figure 26 ) [156] .
Brown et al. have used the concept of biased chemical libraries for screening of compounds for PPAR activation [157] . A library of 480 compounds was made using a combination of three phenoxyisobutyric acid derivatives along with different amines and isocyanate derivatives to generate urea analogues. The library was screened using cell-based reporter gene assay for PPAR-GAL4 chimeric receptors. A PPAR specific compound (GW2433, Figure 26 ) was identified during the screening. PPAR showed most promiscuous nature among the three receptors by binding to more than 50% of the compounds screened, while PPAR and PPAR showed larger selectivity profiles. The authors interpreted this result as PPAR having a special physiological role in maintaining lipid metabolism due to its presence in the liver.
A structure-based drug design strategy was employed by Kuhn et al. to identify dual PPAR / activators [39] . The indole-based scaffold ( Figure 26 ) was selected from the in-house database with the hydrophobic central protein environment as a constraint while maintaining synthetic accessibility and drug-like properties. In the SAR study, effect of various structural features like position of the propionic acid chain attached to the indole scaffold, length of the linker between the indole and the oxazole ring, influence of various substituents on the activity were investigated. An increase in the size of the terminal substituents leads to an increase in the PPAR affinity, while it decreased the PPAR affinity. These findings can be used to fine-tune the selectivity of PPAR ligands.
Scarsi et al. performed in vitro binding and transactivation studies on sulfonylurea class of drug molecules for potential PPAR activation [158] . Gliquidone, Glipizide, and Nateglinide activated PPAR at physiologically relevant concentrations. Common pharmacophoric features based on p values were suggested as the basis for PPAR activation (see Figure 27 ). Based on these findings and molecular docking studies the authors suggested novel molecules (e.g., 70) by removing noninteracting nitrogen atom of the sulfonylurea group for further investigations.
Markt et al. performed pharmacophore mapping and virtual screening study on PPAR ligands [159] . Structure-based pharmacophore models (based on the active site differences) were reported for PPAR and PPAR , while a ligand-based pharmacophore model was reported for PPAR . Structurebased model was found less effective for PPAR due to the small number of receptor complexes in comparison to the number of known ligands for this receptor subtype at that time. With larger number of crystal structures available now, a better receptor based pharmacophore model can be developed. Models specific for PPAR agonists, PPAR agonists, PPAR partial agonists, and PPAR agonists were developed using 18, 21, 5, and 7 compounds, respectively. These models were validated using a set of 357 structurally diverse sets of PPAR ligands divided into 321 actives and 36 inactives. For the PPAR and PPAR the structure-based models were refined using the ligand-based pharmacophore models. This was done by the removal of extra hydrophobic feature form the structure based models. In the next step the authors used an in-house pharmacophore database "Inte:Ligand database" consisting of 1537 structure-based models for 181 pharmacological targets for parallel screening study. Using a perl script and the target score, numbers of targets hit by the same set of ligands were identified. For one-third of the PPAR ligands PPARs were identified as the first target, while for 26% of the ligands P450 2C9 was the first target. Other protein targets identified were HRV coat protein and only RXR from the rest of the nuclear receptor family. Thus, this study has proven the utility of parallel screening for determining the correct target for a set of compounds.
Giaginis et al. have analyzed correlations between lipophilic properties and the activities of PPAR ligands [160] . A potential PPAR ligand targeted for therapy should have,
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Journal of Computational Medicine in addition to the pharmacophoric features, a right balance between lipophilic and hydrophilic group dispositions in the molecule. TZD and L-tyrosine class of compounds had an optimum logP and logD values in the range 0-2. They highlighted the fact that although natural ligands of PPAR are lipophilic long-chain carboxylic acids, there is no statistical correlation between pEC 50 /pIC 50 and logP/logD values.
Structure-based de novo design approach was employed by Dong et al. to identify PPAR ligands. Ragaglitazar crystal structure was used to build the receptor-based model. Multiple copy simultaneous search (MCSS) and LeapFrog de novo design programs were employed to find the favorable orientation of indole-based derivatives in the active site. Two out of ten molecules thus identified compound (71) showed receptor-binding affinities similar to RGZ (see Figure 28 ).
Structure-based virtual screening approach was employed by Salam et al. for identifying PPAR agonists. Induced fit docking protocol was utilized for this purpose. This lead to the discovery of -baptigenin (72) ( Figure 28 ) and other flavonoids as potent PPAR agonists [161] . Similarly, pharmacophore-based virtual screening methodology was employed for the identification of natural-product-derived PPAR ligands by Tanrikulu et al. [162] Crystal structures for RGZ, Ragaglitazar, and Tesaglitazar were used in the study to develop receptor-based model using software LIQUID [163] . In vitro binding assays confirmed the validity of such screening approach where 73 ( Figure 28 ) was identified as potent PPAR activator.
A combination of pharmacophore mapping and QSAR model development was utilized by Al-Najjar et al. for the discovery of a new nanomolar PPAR activator [164] . Ligand-based methods using CATALYST-HYPOGEN [165] were employed for generating pharmacophoric maps. The pharmacophoric space was explored by applying structural boundaries. Final analysis gave 104 models which were subsequently used in QSAR modeling. The QSAR equation consisted of 4 pharmacophore hypotheses, molecular fractional polar surface area (FPSA), number of rotatable bonds, and hydrogen bond donor (HBD). Comparison with crystallographic complexes (2Q59, 2G0G, and 2P4Y) was performed to validate the models. NCI database was screened using CATALYST, Lipniski's rule of five and Verber's rule were applied to filter the resulting hits. In vitro transactivation assay confirmed 3 molecules to be potent PPAR activators. Figure 28 shows one of them (74) .
Sundriyal et al. have performed virtual screening using CATALYST program for the identification of novel PPAR ligands [166] . Crystal structure (2PRG) with RGZ cocomplexed with PPAR ligand-binding domain was employed to generate query structure. Three pharmacophoric features, characteristic of PPAR ligands, (i) two hydrogen bond acceptor, (ii) hydrophobic aromatic feature assigned to the central ring, and (iii) hydrophobic aromatic feature assigned to the side chain, were employed along with the query structure to screen the NCI and Maybridge databases. Out of the 46 and 13 hits obtained from the NCI and Maybridge databases, barbituric acid derivatives (11, see Figure 29 ) perfectly mapped on the query and pharmacophoric features.
These results were further validated using FlexX molecular docking study. In vitro and in vivo studies [167] have confirmed the PPAR binding and antidiabetic/antiobesity effects of this class of compounds. Using a closely related replacement of acidic head group of Farglitazar, Sundriyal et al. identified novel PPAR activators. Molecular docking using FlexX and receptor-binding affinity studies were employed to confirm the PPAR binding. 2-Hydroxy-1,4naphthoquinone derivatives (Figure 29 ) were identified as potent PPAR activators from this study. Phenyl, nitrile, and fluoro substituted derivatives showed significant binding affinity compared to PGZ [168] .
Important pharmacophoric features for pan agonists were analyzed by Sundriyal and Bharatam using HipHop program [169] . Seven pharmacophoric features were used to generate a hypothesis "hypo-1. " This hypothesis predicted pan agonistic character with 91.3% success rate for highly active compounds. The success rates for corresponding active and moderately active compounds were lower. Hydrogen bond acceptor feature (HBA) was found to be most critical for the discrimination of actives from inactives. Virtual screening with hypo-1 gave hits with large molecular weight. Thus, the authors modified this hypothesis by deleting less important features one at a time, leading to hits with more drug-like properties. Molecular docking was employed to understand the interaction profiles for these hits.
The "sum of activities" concept was extended by Sundriyal and Bharatam to pan PPAR agonists [170] . In this study the authors developed CoMFA based , , and and sum models using a data set of 39 compounds divided into training set of 28 and test set of 11 compounds. The sum model had molecular fields similar to and models. The sum model was used to design novel molecules with better predicted "overall activity" and docking scores.
Ligand and receptor centric 3D shape methods of virtual screening were combined by Choi et al. to identify 1,3-diphenyl-1H-pyrazole and ( -carboxyethyl)-rhodanine derivatives as novel PPAR agonists [171] . Four partial agonists and three full agonists were used to build the ligands based 3D queries which were used to screen a library of 1000 compounds. Receiver-operating characteristic (ROCS) combo score was employed for the screening. In the receptor centric method shape-based distributed docking in the cognate PPAR crystal structure of the class representing ligand was performed. Fluorescent protein (FP) transactivation assay and receptor-binding studies were performed on 50 virtually selected compounds. SP3300 (75) and SP1818 (76) were identified as a novel partial and full agonists from these studies ( Figure 28) . A CoMFA study based on the docking pose of the most potent compound was performed to understand QSAR in this series and to design new compounds.
A de novo/rational approach was utilized in the identification of isoxazolyl-serine-based PPAR agonists [172] . Using the already existing SAR for PPAR ligands these agonists were developed. Some of the weak agonists of PPAR were observed to stimulate cardiomyocyte differentiation from murine ES cells. PPAR agonists fenofibrate, Wy-14643, and PPAR as well as PPAR agonists RGZ, GW1929, and GW501516 were found inactive in this assay. Thus the authors concluded that PPAR activation is not the primary target for the ligand-induced cardiomyocyte differentiation. This points to the fact that ligands with PPAR activation but lacking cardiotoxic profiles could be developed.
Molecular docking studies using GOLD software were performed by Kaya et al. to develop a screening approach for the identification of phthalate monoester-based PPAR activators [173] . Initial docking experiments confirmed that near native conformations were predicted for PPAR ligands with 6-8 rotatable bonds (RGZ, Ragaglitazar, Tesaglitazar, Farglitazar, and GW409544), but for ligands with larger number of rotatable bonds (partial agonist: GW0072) many conformational clusters were generated by the docking program. Strong correlation ( 2 : 0.62 and 0.82) between EC 50 and the docking score/rescored CHARMM/ACE energies was obtained. But the authors emphasized the fact that this is due to restricting to a small dataset and highlighted the fact that correlations between binding affinity, transactivational activity. and binding score are not seen in larger and diverse datasets. For example, GW0072 has larger activity than RGZ, but based on more decisive, transactivational data and in vivo, the former is partial agonist and the later a full agonist. These anomalies and lacunae in the understanding of PPAR activation result from the neglect of dynamic state of the receptor-ligand interactions, associated energetics, and the role of H-12 helix dynamics in the function of PPARs.
Considering the fact that most of the natural ligands of PPARs are fatty acids, Maltarollo and Honorio have calculated molecular properties of different fatty acids and made an attempt to correlate them with PPAR activity [174] . Optimum ranges for molecular properties like molecular weight (250-310), molecular volume (950-1200Å 3 ), logP (5.0-6.5), number of carbon atoms (16) (17) (18) (19) (20) , and hydration energies (< −1.0 kcal/mol) were found for PPAR activation. Unsaturation increased activity in molecules with similar number of carbon atoms. Authors suggested the use of these parameters while considering novel ligand development.
Recently a combination of core hopping approach, molecular docking, and molecular dynamics has been utilized by Ma et al. for the design novel dual agonists [175] . Structure of GW409544 was divided into three core substructures. Five different fragments for each core were selected from the ZINC database by utilizing the "protocore preparation" module in Schrodinger 2009. Then a core hopping approach was utilized to generate 1 × 5 × 5 = 25 different compounds. Crystal structures of PPAR (1K7L) and PPAR (1 K74) were utilized for performing glide docking of these novel compounds. Based on the docking score comp 1 and comp#8 (Figure 30 ) were selected for molecular dynamics studies. Complex of PPAR and PPAR with comp 1 showed significant stabilization of the backbone RMSD and AF-2 function, while complex of comp#8 showed significant RMSD fluctuations in both regions. These results agreed with the relative binding affinity predicted by docking.
To summarize, in the past decade a large number of structural scaffolds have been identified to show selective activation of the PPAR class of receptors. Many of the leads thus recognized have shown promising pharmacological profiles. But long-term safety and in vivo efficacy have remained the major challenging aspects in the development of novel molecules for the treatment of diabetes. Thus, in addition to having a deeper understanding of SAR and QSAR of novel class of molecules, focus must be equally placed on optimizing drug-like properties, pharmacodynamic/pharmacokinetic parameters of drug candidates, and clinical end points in the diabetic patients.
Dynamics of PPAR and Its Relation to Activation and Antidiabetic Effects
The ligand-binding domain (LBD) of PPAR consists of 270 amino acids, and as discussed in Section 3.2 and shown in Table 2 / Figure 5 , PPAR has a large Y-shaped active site. Except the region around the AF-2 (H-12 helix) most of the interactions within the active site are hydrophobic in nature [16] . This causes the receptor to be very dynamic, and large variations in the active site volume can be seen in the crystal structures published (Tables 2 and 3 ). A comparison of the apo and ligand (RGZ) bound PPAR crystal structures reveals the fact that the H-12 helix in the activation function (AF-2) can take two conformations "open" and "closed" [16] . Backbone RMS value of 1.45Å was found between the two structures. Small RMS values for the backbone alignment suggest that the overall structural fold is maintained in the bound and unbound structures. While the RMS value for backbone atoms of the H-12 helix (residues 466-476) between the two structures was found to be 4.77Å. Thus, significant differences are seen in the disposition of the H-12 helix in the various states accessible to the receptor. In the apo state the H-12 helix can take two positions "open" and "closed", while in the presence of agonist the closed conformation of the H-12 helix is stabilized significantly (Figure 31 ). This characteristic is a common feature of most of the nuclear receptors [49] . In the closed state the significant interactions of H-12 helix with the H-3 and H-10 helices are observed giving additional stability to the conformation [16, 19] . Presence of charge clamp interactions between residues in the H-12 (GLU471) and H3 (LYS301) helices with residues in the coactivators gives further stabilization in the closed conformation. Due to these characteristic interactions full or partial agonistic behavior of various ligands was explained earlier based on H-12 helix dynamics and led to the design and synthesis of large number of structural scaffolds (Section 5) [21, 25, 42, 49, 176] . Ligands interacting with the H-12 helix and polar amino acids in the AF-2 region showed full agonistic character, while ligands with weaker or no interactions with the H-12 helix showed moderate to partial agonistic behavior. Earlier Willson et al. have correlated the binding affinity of ligands with the antihyperglycemic activity [115] . But this agonistic nature of the ligands do not always correlated with antidiabetic activity quantitatively [177, 178] . Thus the exact mechanism of activation of PPAR and its relation to antidiabetic effects remains to be unclear.
Failure of the dual, SPPARMs and other molecules to reach the market calls for a fresh look at the molecular mechanism by which different endogenous/synthetic ligands and corepressors/coactivators of different PPAR receptors function to give a myriad of responses under different physiological conditions. It has been postulated that different ligands interact with the PPAR receptors resulting in ligand specific conformational changes. These differences translate into selective recruitment of cofactors (corepressors and coactivators) giving ligand specific gene expression patterns. Molecular dynamics (MD) simulations, which are used to follow the properties of a system as a function of time, coupled with rigid and flexible docking methods can really bridge this gap between the structurally diverse set of known ligands and a broad range of in vitro and in vivo activity profiles.
Considering the dynamic behavior of PPAR and flexibility in its natural ligands it becomes important to find the conformational space and freedom that the natural ligands have in the active site of PPAR . Thus, it can be suggested that any ligand, which is expected to have similar effects, should have the conformational landscape similar to these natural ligands for optimal activity. In the family of nuclear receptors role of the H-12 helix in the activation of the receptor is generally recognized. Full agonists are known to bind with the H-12 helix leading to the complete activation of the receptor. Partial agonists, on the other hand, are proposed to activate the receptor partially by binding in other end of the active site and have minimal interaction with the H-12 helix. Similar, hypotheses have been made in the literature regarding the activation of PPAR by full and partial agonists. But the crystal structure data (see Table 3 ) available for PPAR suggests that the distinction is not so simple: as many partial agonists bind to or near the H-12 helix and have important hydrogen-bonding interactions with the amino acids in/near H-12 helix. Hence, a clear understanding of the agonistic character of ligands based on the interactions within the active site is missing or obscure in the literature. MD simulations were performed by Jyrkkarinne et al. recently to understand the agonistic and inverse agonistic behavior of constitutive androstane receptor (CAR) ligands [179] . Genest et al. have performed MD simulations on peroxisome proliferator-activated receptor (PPAR ), a nuclear receptor, in order to elucidate the ligand escape trajectories from the bound state [180] . They also showed that the ligands like GW0072 make use of the intrinsic flexibility in the protein structure to maneuver in the active site. Another report on ligand specificity, molecular switch, and interactions with regulators has tried to reassess the importance of various interactions of ligands (using MD studies) with PPAR and reiterated the fact that the interactions of acidic groups, although are important for efficient activity, are not the sole factor in determining the partial or full agonistic nature of the ligands [181] . Other important interactions in the Y-shaped cavity of PPAR are hydrophobic andstacking interactions. Similarly, MD simulation studies by Michalik et al. have reanalyzed the role of the AF-2 region and other amino acids in the active site of PPAR [176] . In another study, MD simulations were performed with two ureidofibrate-like enantiomers and confirmed stabilization of the H-12 helix by the more active S-isomer [182] . Ji and Zhang highlighted the importance of protein polarization and electrostatic interactions in the AF-2 functional domain [97] . All these reports have substantiated the fact that full potential of the interactions in the active site have not been explored for this very important antidiabetic target and MD simulations can give useful insights into the receptor-ligand interactions and agonistic character of a ligand.
Choi et al. have alternatively suggested that the inhibition of phosphorylation of PPAR at SER273 by cyclin-dependent kinase (Cdk5) could be mediating the beneficial antidiabetic effects of PPAR agonists like RGZ and MRL24 [177] . SER273 (SER274 in 2PRG structure) is located in a loop between the helices H3 and H4 and occupies the surface opposite to the AF-2 region in the PPAR active site [16, 19] . MRL24, a partial agonist, reduced the dynamic nature of the H3 helix (AAs 309-315), -sheet region (369-379), and SER273. RGZ was found to have less effect on the dynamics of these regions but reduced the dynamics of H-12, H-11 helix, and AF-2 region significantly.
Based on these results Choi et al. have suggested the development of novel ligand with three important characteristics, namely, (1) high affinity for PPAR , (2) blocking of Cdk5-mediated PPAR phosphorylation, and (3) lack of classical agonism [178] . A novel indole-containing benzoic acid derivative (SR1664) was developed which stabilized the H-3 and -sheet regions of the receptor while increasing the dynamical nature of the H-11 helix. This ligand shows minimal effect on the dynamics of H-12 helix. As expected from the dynamical nature of the H-12 helix, SR1664 did not show any classical agonistic character. Gene expression patterns of SR1664 overlapped only partially with that of RGZ, directing towards beneficial and harmful genes expression patterns. Genes like aP2, Adipsin, Cd24a, and so forth were expressed at higher level with SR1664 than with RGZ, while genes like Pdk4, Hsdl2, and so forth showed opposite expression levels. On the other hand RGZ and SR1664 showed similar effects on the expression of genes like Adiponectin, Nr1d2, Ddx17, and so forth. Further studies are thus required to fully understand the implications of these results for understanding PPAR biology and to drug discovery efforts.
Recently Amato et al. have reported, 5-(5-bromo-2methoxy-benzylidene)-3-(4-methyl-benzyl)-thiazolidine-2,4-dione, (GQ-16) as a novel partial agonist promoting insulin sensitization without the side effects of weight gain [88] . Crystallographic studies showed that this compound binds near the -sheet region like MRL24 and BVT.13. Inhibition of Cdk5-mediated phosphorylation of SER273 was observed and proposed as a possible explanation for its partial PPAR activation and antidiabetic activity.
Conclusions and Future Directions on Developing Novel Ligands
More than a decade has passed since the introduction of TZD class of drugs in the market, but still a guided development of a novel drug with ideal balance of controlling glucose levels and simultaneously avoiding the side effects related to cardiovascular system and toxicity remains a challenging task. This is a combined effect of incomplete understanding of biology of the PPAR , its in vitro and in vivo interactions with potential drug candidates, and correlation of these factors with clinically beneficial effects. Nevertheless both SAR and CADD approaches have played a vital role in the identification of novel scaffolds with improved PPAR activation profiles. Glitazars, new TZD 32 Journal of Computational Medicine derivatives, L-tyrosine-based analogues, sulfonamide derivatives, sulfonylureas, barbituric acid derivatives, 2-hydroxynaphthoquinones, indoleacetic acid derivatives, propionic acid derivatives, oxazolidindiones, and -substituted propanoic acid derivatives represent the remarkable success achieved so far in this area. Both ligand and receptor-based methods have contributed to this success.
Novel virtual screening techniques, pharmacophore models coupled with recent QSAR approaches, better methods of estimating binding affinities, and advances in understanding the dynamics of PPAR -ligand interaction by employing molecular dynamics simulations have raised new hopes towards finding ligands with better pharmacological profiles.
Recently discovered alternate mechanisms of antidiabetic actions of PPAR ligands, via inhibition of Cdk5mediated phosphorylation, have given new impetus to efforts for the discovery of novel PPAR ligands as antidiabetic agents. Overlap in the gene expression patterns (Section 4) of classical agonists (RGZ) and ligands (SR1664) inhibiting phosphorylation (but lacking classical agonism) suggests that partial agonists with inhibitory effects on phosphorylation could prove more effective. Thus retaining partial agonistic character with specific gene expression patterns could prove beneficial. These beneficial genes could be clustered from expression patterns of the already known ligands. A number of recent studies have begun to identify and cluster such gene sets [177, 178, 183, 184] . This suggests that ligands with following characteristic should be developed: (1) partial agonist of PPAR , (2) potent inhibitor of Cdk-5-mediated phosphorylation at SER273 of PPAR , and (3) high-binding affinity for PPAR .
